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Runway surface condition is critical to airport safety. Grooved runways are a standard feature 
because they permit drainage, allowing for safer landings by reducing the risk of hydroplaning. 
Hydroplaning occurs when water is pooling at the surface of the runway reducing severely the friction 
which dangerously increases airplane braking distance. When a large aircraft lands, approximately 
1.4 pounds of rubber per tire is deposited onto the runway. This is due to the friction produced by the 
locked wheels during landings: they generate excess heat and pressure that debonds the rubber from 
the tire. As more aircraft land on the runway, more rubber accumulates and decrease the runway’s 
coefficient of friction. Once this occurs, water blasting is most commonly used at O’Hare 
International Airport to remove the excess rubber. The main drawback to this method is that there is 
a risk of eroding the concrete surface so much that grooves fail to provide a path for water to escape. 
Damage is defined as the grooves not being able to perform as a path for water to escape. The effects 
of waterblast on concrete after rubber removal are equivocal.  This study  developed a quantitative 
method to analyze concrete and asphalt surfaces. The results were used  to provide recommendations 
to achieve satisfactory rubber removal without erosion of the airport runway. The quantitative 
analysis was done using a picture-generated point cloud using an incremental reconstruction 
algorithm. Both concrete and runway surface features were considered in this study. The tests were 
performed in a laboratory, and waterblast equipment available limited the maximum water velocity 
to 412m/s.  It was found that concrete surfaces could not be damaged at the maximum velocity tested. 
Based on literature and experimental evidence, this study recommends a maximum pressure of 15,000 
psi for rubber removal on concrete surfaces. Concrete runways showed a roughening of the surface 
after testing which may have manifested as an improved friction.  However, there was slight flushing 
observed on asphalt samples with soft binders under the least abrasive testing condition of 162 m/s 
with the nozzle inclined at 90 degrees. The flushing of the asphalt is unsafe because it can lead to loss 
of pavement strength as well as macrotexture.  This study recommends greater vigilance when dealing 
with asphalt surfaces and hydrocleaning at lower pressures than used for concrete. Also due to the 
asphalt binder properties, hydrocleaning settings should differ with temperature. Finally, it was 
recommended to reproduce the tests on a bigger scale on runway surfaces and validate the results of 
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CHAPTER 1: INTRODUCTION 
 
Friction is a key safety feature of a runway. An airport runway with poor surface condition 
and low friction will require longer braking distances increasing the risk to run out of runway for 
landing airplanes which can lead to catastrophic consequences. A runway loses friction in many ways: 
mechanical wear, usage, weather, and contaminants. The most persistent contaminant on frequently 
used runways is the deposit of rubber from tires of landing jet aircraft. Rubber deposits accumulates 
on touchdown areas of runways and can be so extensive that it completely covers the pavement 
surface texture, causing loss of aircraft braking capability and directional control, particularly when 
runways are wet. The FAA considers a good runway to have a friction coefficient, Mu, of 0.41.  The 
Mu number represent the braking effort and deceleration necessary to reach full stop. Friction 
measurements are performed after waterblast cleaning to confirm that the runway friction is safe after 
the rubber has been removed. However, friction measurements cannot determine if the runway has 
been abraded by the high-pressure water. There needs to be an assessable indication of concrete 
soundness. Surface damage was defined as the grooves not performing as intended, meaning a big 
enough macrotexture for the water to have an escape path. This research will attempt to provide 
recommendations to achieve satisfacotry rubber removal without erosion of concrete surfaces by 
using quantitative methods to describe runway surface profile. First, the literature review will focus 
on understanding runway surface properties- the mechanism and importance of friction, hydroplaning 
and the role of grooves. Next, a comparative study of the different methods of  rubber removal. The 
methods investigated were chemical and velocity impact rubber removal and waterblast. Following, 
the fundamental theories and critical damaging features of waterblast will be explored. The effect of 
each setting for waterblast will be described such as: pressure, standfoff distance, angle of incidence 
and time of exposure. Finally, the experimental procedure in order to validate the literature and 
provide recommendation. Using a picture-generated point cloud from an incremental reconstruction 
algorithm, the effects of waterblast on concrete and asphalt surfaces will be quantified.  The 
recommendation will be provided with respect to how much abrasive water can be applied on the 




CHAPTER 2: CRITICAL SURFACE PROPERTIES OF AIRPORT RUNWAY 
 
Runway friction is essential for safe aircraft takeoff and landing. This background and 
literature review focuses on defining the controlling variables for aircraft runways performance. 
Figure 1 demonstrates that aircraft performance on wet runway can be limited to three main 
controlling variables: atmospheric, runway surface and aircraft tire. Note that only the runway surface 
can be controlled by the airport facility. Therefore, the focus of this research is understanding the 
parameters to maintain a satisfactory runway surface after waterblasting for rubber removal. This 
chapter will define runway surface properties and explain the importance of the surface texture, the 
role of grooves and runway maintenance. The principles of adhesional and hysteretic theories for 
rubber tire friction will be explained. Finally, the different foundations of hydroplaning will be 
described. 
 




2.1 Importance of Runway Surface Texture  
Runway surface texture governs elements such as a smooth ride, noise generation, aesthetic, 
durability and most importantly, safety. Microtexture and macrotexture are two controlling elements 
used to describe pavement surfaces, see in Figure 2. Microtexture in concrete pavements is a very 
fine texture, typically contributed by the fine aggregates, barely visible at the naked eye.  The 
wavelengths are usually defined to be between 0.0004 in and 0.02 in (1 µm to 0.5mm) with vertical 
amplitudes less than 0.008 in (0.2 mm)3. Good microtexture is usually all that is needed to provide 
adequate braking friction on dry pavement. On the other hand, macrotexture is mostly controlled by 
coarse aggregate size.  The wavelengths are between 0.02 in and 2 in (0.5 mm to 50 mm) and vertical 
amplitudes ranging from 0.004 in to 0.8 in (0.1 mm to 20 mm3). The primary role of macrotexture is 
to provide a path for water to escape beneath airplane tires. As the airplane speed increase, drainage 
becomes more critical also due to tire thread depth decreasing and water level increasing, cumulating 
the risk of hydroplaning1. Macrotexture plays a significant role in the wet weather friction 
characteristics of pavement surfaces. 
 
Figure 2:Differences between macrotexture and microtexture4 
The micro- and macrotexture both define the runway surface skid resistance that in turn have 
profound influence on aircraft directional control, landing, and braking performance. Skid resistance 
is the amount of friction measured at the surface of the runway. Friction is composed of two main 
elements: adhesion and hysteresis that will be explained in more detail in the later sections.  Rubber 
couples well with a good microtextured surface, providing high friction at lower speeds. The shear 
force between the tire and the pavement surface controls the adhesion component of friction and is 
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effective at lower speeds, up to about 100 mph (165 km/h)3. Conversely, at speeds over 100 mph (165 
km/h), the hysteresis component of friction governs. Note on Figure 3, there is a sharp decrease in 
friction coefficient as speed increase on a surface with a shallow microtexture, while the surface with 
the deep macrotexture is minorly reduced. As the speed increases, macrotextured surfaces will 
provide drainage to keep the hydrodynamic pressure low and the tire in contact with the pavement 
surface for a low friction/speed gradient. Hydrodynamic pressure is the pressure of the fluid, water, 
when it is in motion; if too high, the risk of hydroplaning increases. A poor macrotextured pavement 
surface cannot provide sufficient drainage for good tire/pavement contact, thus the friction decreases 
dramatically.  
 
Figure 3: Effect of surface texture on friction5  
 
2.2. Role of Grooves on Friction 
As airplane size and weight have been increasing, so has their landing speed, particularly 
when the runway is wet. The increased braking distance of large aircrafts became such a safety 
concern that programs were led by the Federal Aviation Administration (FAA) and National 
Aeronautics and Space Administration (NASA) to optimize runway surface condition as well as skid 
resistance. Both programs showed that runway friction could stay high on wet pavement by forming 
or cutting closely spaced transverse grooves on the runway surface to allow rain water to escape from 
beneath landing aircraft tires6. The grooves presented in Figure 4 below are following FAA standard. 
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Figure 4: Runway surface grooving per FAA requirement7 
  As mentioned previously, macrotexture is critical for water drainage on runway surfaces; in 
other words, grooves are artificial macrostructural features designed to guarantee proper drainage to 
occur on runway surfaces. The grooves substantially increase aircraft braking capability and 
directional control, improve runway surface water drainage, and increase rapid wheel spin-up rates6. 
Transverse grooves have shown to be more effective than longitudinal because the escape path for 
the water under the tire has the same direction as the maximum pressure gradient in the contact area. 
One disadvantage is that it leads to excessive thread wear largely caused by the draping of the tire 
over the groove edge8. Another research project lead by NASA observed that the appearance of 
chevron cutting, see Figure 5, on the center rib portions of the tire was the characteristic most noted 
for grooved runway operation9. Two years after grooving had become a standard in the U.S, an 
increase in tire retreading occurred. A leading independent tire observed approximately 12,000 
aircraft tires per month that have been returned for retreading9. Pavement grooving is a major 
advancement in runway safety during wet conditions. Grooves enhance the macrotexture of the 
runway, allowing for effective drainage and proper friction.   
 




Grooves can sustain a lot of damage through usage and still remove water from the runway 
surfaces as intended. It is essential for grooves to maintain a difference in the profile.  Grooves 
underperform when the overall runway surface depth is too close to the depth of the grooves, leading 
for water to pool on the runway. In the case of this study, the grooves presented in Figure 6 are not 
considered damaged because they are still performing. 
 
Figure 6: Properly performing runway grooves despite damaged appearance 
 
2.3 Runway Maintenance and Safety Friction Standards 
Runway friction can be greatly reduced by factors such as type and frequency of aircraft 
activity, weather, or contaminants such as: rubber deposits, oil spillage, water, snow, and more. 
Rubber deposits on the touchdown areas are due to the locked wheels during aircraft braking. The 
locked wheels generate heat that debonds the rubber from the airplane tires. The heat generated causes 
a chemical reaction of the rubber called polymerization which causes the rubber deposit to harden, as 
shown in Figure 7.  
  
Figure 7: Functional (left) and dysfunctional (right) grooves due to airplane tire rubber 
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Such deposits can completely cover the pavement surface texture, reducing landing aircraft braking 
capability. The FAA and NASA indicate that both Portland cement and asphaltic concrete runways 
are extremely vulnerable to rubber deposit accretions, which can produce runway slipperiness 
conditions for aircraft operations10. See rubber deposit in Figure 8 below.  
 
Figure 8: Airport runway with tire rubber buildup 
  Today, the average landing of bigger aircraft leaves as much as 1.4 lb. per tire of rubber on 
the runway11. For this reason, the FAA has recommended that rubber removal be coordinated with 
the number of landings1 as seen in Table 1. Note that rubber buildup on the runway is mostly 
problematic when wet, since  the adhesion component is increased during dry rubber to rubber 
contact11. The frequency suggested by the FAA is a challenge since busy airports need to reduce lane 
closure. Despite the effectiveness of the rubber removal method, rubber removal takes time away 
from the airport performing efficiently.   




 The critical factor for runway safety is friction, therefore, as long as the friction measured on 
the runway is deemed safe, rubber removal is not mandatory. The FAA has also recommended a 
frequent amount of friction survey of the runway per aircraft landing, see in Table 2.  For smaller 
airports like Willard Airport in Champaign Illinois, friction measurements are done whenever it rains 
to confirm that their runway is safe to land/take off. As explained previously, there is a relationship 
between friction and speed which influences aircraft braking performance. Microtexture controls 
friction at lower speeds, up to about 100 mph due to adhesion controlling. 
Table 2: Friction Survey Frequency1 
 
At higher speeds, the hysteresis component governs by the rubber deforming around the bigger 
asperities. This deformation is due to pavement macrotexture. The Mu value is used to represent the 
amount of braking action needed to reach a full stop. The Mu value designates a friction value 
representing runway surface conditions. This value ranges from 0 to 1 where zero is the lowest 
friction, meaning a long braking distance is needed, and 1 is the maximum friction value obtainable. 
The FAA has prescribed Mu values recommendation for safe usage of the runway, Table 3. A Mu 
value of 0.4 or less is when an aircraft braking performance starts to deteriorate, and directional 
control begins to be less responsive.  
Table 3: FAA Mu value Friction Recommendations1 
  
Friction is the indicator that rubber removal should be done. The friction value is often 
obtained using a Continuous friction measuring equipment (CFME), see Figure 9.  The tests are 
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performed on average at 40 and 60 mph to represent the friction/speed gradient1. This equipment can 
be built in a specialized vehicle or a trailer pulled by a car. During the friction measurements, some 
CFME spray water on the testing wheel while the friction is measured, so the Mu value obtained is 
in wet condition. As long as the mu value is within the prescribed boundaries, the runway condition 
is considered safe.  
  
Figure 9: CFME mounted (left) and trailer (right)12 
 
2.4 Adhesional and Hysteretic Friction Theories   
The contact area of an elastomer and pavement surface is unique due to the draping of the 
asperities that occur8. When a tangential force is applied on the upper surface of the pavement, the 
interface between the tire rubber flows over the asperities, generating friction. Friction is a force that 
has the same magnitude as the applied tangential force in the opposite direction. Tire-pavement 
friction is a result of four quasi-independent mechanisms: adhesion, hysteresis/deformation, tearing, 
and wear13. This generalized friction model was proposed by Kummer during his research on tire–
road interactions (Figure 10).  
 
Figure 10: Kummer model for rubber friction mechanisms13 
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Tearing is produced by sharply tipped asperities and tearing energy, while wear is proportional 
to the volume of generated wear fragments. These two elements can often be overlooked because 
they do not control most cases.  According to Kummer, the adhesional component produces the 
highest tire friction on smooth dry faces. Adhesion is due to a molecular-kinetic, thermally activated 
stick-slip mechanism which takes place at the sliding interface. Adhesive friction is attributed to the 
molecular bonding of the exposed surface atoms on the pavement and on the tire rubber. Adhesion 
also depends on the interface shear strength and the contact surface area. Importantly also, hysteretic 
friction, or deformation, is a function of asperity shape height and density. Absence of relative motion 
of the tire rubber allows for a symmetrical draping of the pavement asperities and pressure; the 
vertical and horizontal components are at equilibrium. When the elastomer is moving at a finite 
velocity, the rubber accumulates at the leading edge of the asperity and breaks contact at a higher 
point on the downward slope. Also, the contact area moves forward compared to the static case, 
creating an unsymmetrical pressure distribution, where the horizontal component of the pressure 
generates a net force called hysteresis, which opposes the sliding motion. As a rule, one third of the 
total friction can be attributed to hysteresis at normal sliding speeds8. A smooth, clean, and dry surface 
friction is entirely controlled by adhesion because the asperities are too small to produce a measurable 
deformation, tearing and wear. On a lubricated pebble-like surface adhesion can be ignored as well 
as wear and tear, and friction is mostly controlled by hysteresis over the asperities. Hysteretic 
properties governing in wet conditions is the reason why grooves are excellent safety features.  
2.5 Hydroplaning Mechanisms 
Hydroplaning is the loss of friction that occurs due to lubrication of the interface between the driving 
surface and the tire. Hydroplaning can manifest in a dynamic form, viscous, and reverted rubber. 
When hydroplaning occurs in any of these forms, there is complete separation of tire surface and 
pavement by a fluid film14. 
Dynamic hydroplaning occurs when the fluid thickness between the tire and the pavement is 
such that fluid inertial effects predominate in its removal as shown in Figure 11. There typically is a 
wedge of water building up in front of the tires lifting them off the runway. Once the tires are carried 
by the water, friction is insignificant, and braking cannot occur. Hence, the equal importance of tire 
thread depth. For dynamic hydroplaning to ensue, the fluid thickness must be greater than the thread 
depth that vary depending on the tire. For instance, it is about  0.05 inches in standard Goodyear 27 
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tires15. Also, the critical velocity at which hydroplaning occurs is proportional to the square root of 
the tire inflation pressure16. As mentioned previously, grooves have significantly reduced the risk of 
hydroplaning because they reduce the water depth. Grooves prevent the buildup of hydrodynamic 
pressure beneath the tires.  
 
Figure 11: Dynamic Hydroplaning model17 
Reverted rubber hydroplaning occurs when the aircraft lands and tires lock up for braking, the 
rubber begins to melt, and trapped water under the tire turns into steam that can lift the tire, making 
the aircraft slide on molten rubber18. This is mostly controlled by the tire and there is not much that 
can be done on the runway surface to reduce risks of reverted rubber hydroplaning.  
 
Figure 12: Reverted Rubber Hydroplaning17 
Viscous hydroplaning can occur when a thin film of oil or rubber combines with water on a 
runway. It can form an impenetrable layer of liquid that tires can't break through. This is especially 
problematic on smooth asphalt runways. Viscous hydroplaning can occur at any speed when a thin 
film of water is present. Microtexture allows penetration of the film. Adhesional component of 
friction cannot form if the film fully covers the microtexture, reducing the friction greatly. High local 
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stresses are necessary to penetrate thin film, making it much harder than water. Viscous hydroplaning 
can be reduced with rubber removal and proper microtexture.  
 
Figure 13: Viscous Hydroplaning17 
In the end, hydroplaning can be regarded as the inability of amassed water on runway surfaces 
to escape from the tire-pavement contact area. Hydroplaning potential can be simplified to measuring 
the water-film thickness and the average texture depth.  For this reason, runway surface groove 
damage is defined as the inability of the texture to provide a path for water to escape, increasing the 














CHAPTER 3: RUBBER REMOVAL METHODS 
 
The goal of rubber removal is to restore the macrotexture of the runway and clean out debris 
from the grooves. Various methods have been utilized for rubber removal that range from sand 
blasting/high velocity impact, mechanical grinding to chemical treatments and high-pressure 
waterblast. After the contaminants have been removed from the runway surface by any of these 
methods, the airport operator should conduct friction measurements. The friction measurements are 
done to assure that the Mu values have been restored to within 10 percent of those on the 
uncontaminated center portion of the runway, and that both measurements are well within the 
acceptable friction levels for safe aircraft operations1. The effectiveness of rubber deposit removal 
procedures cannot be evaluated by visual inspection and should be done using a CFME.  No single 
runway rubber removal method is superior to all others. Each present advantages and drawbacks.  
3.1 Chemical Rubber Removal   
Chemical rubber removal was the primary mode of rubber removal in the early 1970’s, 
especially on concrete runway surfaces9. Chemical rubber removal treatments have diminished 
because of ecologically harmful side effects to watersheds surrounding airports. In airports where 
chemicals are still used, they must meet local environmental requirements. Chemical solvents can be 
used on both PCC and HMA runways. Chemical treatment of the runway for rubber removal has 
shown to yield a very high satisfaction of the final product. The chemicals can be produced in house 
and can remove contaminants fast, about 900 to 1950 yd2/hour11.  Rubber removal using chemicals 
needs to be properly timed, since if chemicals remain for too long, the runway surface can get 
damaged. On the other hand, chemical rubber removal can cause environmental issues, damage to 
asphalt pavement, partially cleaned grooves, damage equipment, and, most importantly, the process 
is not interruptible in case of emergency11.  Finally, it can be very expensive. Figure 14 suggests that 
chemical rubber removal tends to be done for convenience, since about 63% of the surveyed airport 





Figure 14: Chemical Rubber Removal Airport Operator Survey Responses11 
 
3.2 High Velocity Impact Rubber Removal  
A strong advantage of shotblasting/high velocity impact is that it retextures the pavement as 
well as removes the rubber. This method uses small abrasive particles thrown at a very high velocity 
on the runway surface to remove the contaminants. The machine shotblasting can also be calibrated 
to produce the desired surface texture. This method poses less environmental risks than chemically 
treating the surface and is fast11. This method is best on runways that need retexturing as well as 
rubber removal, Figure 15. Sand blasting and mechanical grinding have proven to be effective, but 
they require long runway closure time due to the necessary contaminant removals after the rubber 





Figure 15: Shotblast Rubber Removal Airport Operator Survey Responses11 
 
3.3 Waterblast Rubber Removal Method   
Similar to shotblasting, waterblast uses high velocity impact to remove contaminants from 
runway surfaces. In this case, water is propelled at very high velocity to remove the rubber. This 
technique is economical, it only costs half of what chemically removing rubber would cost11. 
Waterblasting also is used to retexture the pavement. One difficulty of waterblast is that there are 
many parameters that vary from one contractor's equipment to another.  Therefore, the pressure of 
the water used is not always a good indication of the potential for either effectiveness or pavement 
damage1. The FAA recommends the airport operator to rely on the contractor's experience, 
demonstrated expertise, and references to insure minimal surface damage1. Despite the challenge of 
understanding the effects of the different waterblasting parameters, this method presents lots of 
advantages. It is a fairly rapid and interruptible process. Rubber removal is environmentally 
compatible, as water does not present risks of contamination of water around the airport. The rubber 
removal equipment is very accessible and it has been observed that the friction improves after rubber 
16 
 
is removed using waterblast11.  Figure 16 illustrates that despite a few risks of runway damage, 
waterblast tends to be a rubber removal method that airport operators are satisfied with. While groove 
damage has been observed after waterblasting, such damage can be limited by careful methods and 
frequent monitoring.  Waterblasting remains a commonly used method as shown in Figure 17.  
 
Figure 16:Airport operator survey responses for reasons for choosing waterblasting11 
(Note: airports could check more than one reason) 
 
 
Figure 17:Airport operator survey responses for runway damages due to waterblasting11 
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All in all, there is no one rubber removal method better than the other. Table 4 presents the 
possible damages using each method of rubber removal. Note that all the methods present risks of 
damaging the pavement. Despite waterblasting presenting the most risk of physical damage, its 
benefits are such that it is a still commonly used rubber removal method.   













CHAPTER 4: FUNDAMENTAL THEORIES OF WATERBLAST AND KEY 
VARIABLES 
 
Waterblast/hydrocleaning is highly effective for rubber removal on airport runways. The 
objective of rubber removal is to restore pavement macrotexture/grooves, yet waterblast also restores 
surface microtexture. High-pressure water blasting is the only method that improves the surface 
texture of smooth pavements with a low probability of damage. It neither requires harmful chemicals 
nor deposits contaminants that need to be removed. The technique is economical and environmentally 
clean. Also, waterblast effectively removes deposits from the pavement surface with minimal 
downtime to the airport operator. This chapter will look at the functioning of a truck-mounted 
pressure washer for rubber removal and the mechanisms that affect the pavement texture. This chapter 
will also demonstrate that water pressure relates to velocity, as well as show the impact of standoff 
distance, angle of incidence, and time of exposure of waterblast onto runway pavement. Finally, the 
effect of waterblast on asphalt runway will be studied. With an understanding of waterblast 
mechanisms, hydrocleaning can be done with limited risk of runway damage.  
 4.1 Waterblasting Rubber Removal Equipment 
Hydrocleaning is done through use of high-pressure water to remove contaminants, in this 
case rubber from airplane tires on the runway.  High pressure waterblast employs stationary, 
oscillating, and rotating spray bars for runway paint and rubber removal, see in Figure 18 and Figure 
19. For airport rubber removal, truck-mounted pressure washer is almost exclusively used. Also, 
rubber removal is most frequently done by a contractor, leading to issues for the airport facility to 
mandate specification for the rubber removal process11. The contractor is usually given performance 
specifications, prescriptive specifications, or both. Performance specification means that the 
effectiveness of rubber removal is measured qualitatively or quantitatively with elements such as 
friction mu values or percent amount of rubber removed. On the other hand, prescriptive specification 
limits the operating pressure, and the tolerance in runway surface damage. It is important to 
understand the waterblast rubber removal equipment in order to improve the specification and reduce 
the risk of runway damage.    
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Truck mounted pressure washers can move at speed from 0 to 7.0 mph. The actual speed 
selected for treatment is typically determined based on field trials19. An example of rubber removal 
apparatus is the Rampart BlasterVac pump. It typically operates at about 16 gpm at pressures of 
32,000 to 35,000 psi. The pump requires potable water and the truck chassis incorporates a 4,000 
gallon supply tank19. The Rampart’s BlasterVac truck incorporates a vacuum pump which captures 
about 95 percent of the water used in either hydro scarification or surface cleaning.  
  
Figure 18: Truck mounted pressure washer19 Figure 19:Cutting head and spray bar19 
 
4.2 Waterblast and Pavement Texture 
Hydrocleaning damages concrete surfaces by exacerbating  existing microcracks, particularly 
when the water is at the interface between the aggerates and the concrete mortar20. When the 
generated stress exceeds critical concrete properties, the microcracks will grow. The critical pressure 
is estimated to be 30 times the tensile strength of the concrete specimen21. As presented in Figure 20, 
a crack can propagate along the interstitial transition zone (ITZ) or through the aggregates. The ITZ 
is a narrow region around the coarse aggregates with less hydrated cement, higher porosity, and water 
content; the ITZ is thus weaker. Coarse aggregates can act as an energy dissipater and arrest a crack 
progression22. For rubber removal, it is more likely that the crack propagates around the aggregates 




Figure 20: High Speed waterflow erosion model for concrete20 
Concrete damage by waterblast can be described as a two-step process: First, there is a progressive 
erosion of the cement paste and small aggregates, which is characterized  by an increased roughness, 
followed by an ejection of aggregates from the concrete surface after weakening of the cement paste-
aggregate bond23. The increased roughness of the microstructure of the runway appears to be due to 
the initial wear that occurs in concrete, where the matrix is being damaged. Once the crack has grown 
up to the aggregate surface, the degradation mechanism will slow down23. Crack growth is interrupted 
by energy dissipation and a toughening mechanism of the confined concrete20. A properly built 
runway, with an appropriate amount of coarse aggregates near the surface to dissipate energy, should 
remain safe despite an initial matrix damage due to waterblast. While an improperly build runway 
lacking coarse aggregates near the surface will quickly lose its macrostructural components and 
increase the risk of groove damage after hydrocleaning.  
4.3 Waterblast Pressure and Velocity Relationship  
 Simply, hydrocleaning is described by conservation of energy; the high-pressure energy is 
generated inside the apparatus and is released as high velocity water onto the pavement. Bernoulli’s 
law of pressure constancy is simplified to estimate the kinetic energy and velocity of water on runway 
surfaces20. Bernoulli's principle states that within a horizontal flow of fluid, points of higher fluid 















𝟐 + 𝝆𝒈𝒉𝟐 




P1 is the Energy generated inside the machine and P2 is the gage pressure, normalized to 0 psi. 𝜌 is 
the density of the fluid, in this case water, and g is the gravitational acceleration. h1 is the height of 
fluid inside the machine with respect to a chosen datum, and h2, the height of fluid outside the 
machine. Note that the potential energy has negligible effects, therefore, the velocity of the exiting 






It is assumed that the pressure is constant across parallel streamlines of a fluid. Bernoulli’s 
equation is only valid for incompressible flow24 . Water, and any fluid with a low Mach number, can 
be treated as an incompressible fluid in this case because the density of the fluid can be used as a 
constant. A Mach number is the ratio of the speed of a body to the speed of sound in the surrounding 
medium. In a nutshell, Bernoulli’s equation allows for an estimation of a direct relationship between 
the pressure generated by the waterblast apparatus, the fluid density, and the velocity of the abrasive 
water. With this understanding, critical pressures and velocities can be estimated.  
4.4 Standoff Distance and Angle of Incidence 
 One could assume from Bernoulli’s equation that waterblast releases most energy closest to 
the exit of the nozzle. However, due to jet flow development mechanisms, there is an optimum 
standoff distance that can be determined with respect to the nozzle size.  
  
Figure 21: Development of jet flow21  Figure 22: Optimal standoff distance25 
In a turbulent exiting flow, three regions can be observed: a potential core, developing flow 
and self-preserving flow, shown Figure 21. First, the potential core has the maximum velocity, which 
can be predicted using equation (2). It is a region estimated to be the size of the nozzle diameter. The 
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jet width is also about the size of the nozzle as it exits the potential core21. Next, in the developing 
region, the velocity profile is gaussian.  Once in the self-preserving flow region, the velocity profile 
stabilizes at about 20 times the diameter of the nozzle21. After the flow is stabilized, the velocity 
decreases with distance. The jet width of the self-preserving flow increases linearly from the 
beginning to the end. Hence, the beginning of the self-preserving flow has the smallest jet size with 
the fastest water velocity21. It was observed experimentally that erosion on concrete surfaces was 
maximized around a stand-off distance of 20 times the nozzle diameter where there is self-preserving 
flow. In Figure 22, the nozzle used for the experiment is 0.52mm and the maximum mass loss occurs 
at about 10.2mm, almost 20 times the nozzle size.  The material loss increases as the jet develops at 
standoff distances below 20 nozzle diameters; while material loss decreases as the impinging velocity 
decays at a large standoff distance. Also, power loss can be estimated with the standoff distance. For 
instance, at a standoff distance of 400 nozzle diameters, the jet power will be 40 percent of what it 
would be with no standoff distance. Therefore, operating a 10,000 psi at the pump, the impact at the 
surface is comparable to 4,000 psi26. In conclusion, standoff distance is optimized at maximum 
velocity and minimal area of impact, which is about 20 times the nozzle diameter. 
For the incidence angle, material loss is optimized at 30° and 45° from horizontal position. 
Similarly to standoff distance, this is due to the minimized jet flow area21. Figure 23 illustrates a 
similar relationship to standoff distance, with a clear maximum material loss with respect to the 
impinging angle.  
 




4.5 Time of Exposure and Waterblast Velocity   
With the understanding that to initiate the erosion of concrete surfaces a critical velocity and 
exposure time need to be reached; prescriptive specification can be set to stay in the non-erosion zone. 
An equation to estimate mass loss due to high velocity water was developed and represented in 
graphical form in Figure 24 using Bernoulli’s law of pressure constancy, a critical velocity threshold 
to introduce damage, a critical time threshold, and a function of crack network with respect to eroded 
material20.  
  
Figure 24: Calculated mass loss with respect to exposure time20 
The function asymptotically approaches the abrasion value as soon as the critical exposure time is 
reached. For example, to generate a material loss of 50g, a velocity of 382 m/s and exposure time of 
0.2 second is required. To generate the same damage, with an exposure time of 1 second, the impeding 
velocity has to be 380 m/s. There is an increase in exposure time of about 400%, however, the velocity 
was only lowered by 0.52% for the same amount of material removed. In other words, the real critical 
factor to concrete erosion is the impeding velocity of the water, the influence of exposure time is 




4.6 Waterblast on Asphalt Pavement  
There is limited literature on rubber removal on asphalt runways. However, there are 
researches in Texas on waterblasting used to restore the texture of highway pavement. The asphalt 
binder melts and bleeds to the surface after a long exposure to heat. The binder forms a very slick and 
low friction surface layer.  The truck mounted pressure washer typically used for rubber removal is 
used on the highway roads to “flush” out the slick asphalt binder layer to rejuvenate pavement texture.  
The pressure settings used for the procedure were varied between 29 to 34 kip depending on the 
severity of the binder bleeding layer19. The 28 jet nozzles were used also very small and varied 
between 0.009 in to 0.014 inches. This setting was also what was commonly used for rubber removal 
on asphalt runways depending on the amount of rubber contamination19. For severely affected 
pavements, up to 5 passes were necessary to remove the binder. In the end, an average increase in 
pavement texture was about 200 percent, and an average increase in friction was approximately 135 
percent. It is important to note that improvement in texture with waterblast is likely to lead to raveling. 
Raveling is the loss of bond between the aggregate particles on the asphalt pavement. This is likely 
due to the amount of binder being reduced by the flushing. Another point to note was that highway 
surfaces were flat while runway surfaces have grooves. If excessive raveling occurs on a grooved 
runway, the macrotexture will be reduced and limit the water evacuation. This treatment is showing 
that the asphalt binder, under enough waterblasting treatment can be flushed out and deteriorate the 
pavement. 
To conclude, material loss is proportional to the velocity of impact of the abrasive water. The 
velocity of impact can be directly related to the pressure generated by the apparatus using Bernoulli’s 
equation. The material loss is proportional to the cross-sectional area of jet flow, which influences 
the standoff distance and the impeding angle of the water jet. There is an increased risk of damaging 
the runway if the water is projected at an incidence angle of around 30-45° from the horizontal plane. 
The effect of the standoff distance on material loss is shown implicitly by the influence of both the 
impinging velocity and the jet width. Exposure time to abrasive water has very limited effects on the 
damage of the runway. Finally, for asphalt runways, the sensitive component during hydrocleaning 






CHAPTER 5: EXPERIMENTAL PROCEDURE 
 
5.1 Concrete Mix and Fabrication of Grooved Samples  
 
A laboratory study was conducted to determine which waterblast setting (angle of incidence 
and water velocity) concrete was most sensitive to. The test matrix included a total of 12 samples, 
exposed to different impeding velocities and incidence angles.  The concrete mix for the samples was 
inspired from a standard mix used by O’Hare International Airport presented in Figure 25. The 
proportions were kept the same, strength was similar and air entrainment was within specified 
requirements as presented in Table 5 and Table 6. The samples that did not meet O’Hare standard 
were dismissed.  








Figure 25 cont: O'Hare and Sample mix design 
The concrete mix shown in Figure 25 was used for all the samples. The samples were mixed per 
ASTM C192. The only deviation from the standard was that the pan was pre-wet with water and 
wiped rather than with a representative paste. The samples were casted in 6x6x21 inches beams per 
ASTM C23. Three beams were casted in one batch, two were used as testing samples and one was 
tested to determine flexural strength.  The mold was filled with fresh concrete in two lift and 
uniformly rodded 63 times, then struck off using a trowel. The fresh concrete properties were also 
determined prior to casting the sample.  
The concrete used in this study included air entraining admixture.  Air entrainment provides 
frost resistance and improves durability. Entrained air also reduces bleeding of the concrete. The air 
content was measured per ASTM C231, using an air meter shown in Figure 26.  The average air 
content of all the concrete samples was 5%. 
The concrete used in this study was stiff with an average slump of 1 inch as determined by 





Figure 26: Air meter for concrete air content 
measurement 
Figure 27: Slump test 
 
After the fresh properties were measured and within specification, the beams were cast for 
measurement of hardened properties. The beams were demolded after one day and placed in a 100% 
humidity room for 7 days, then placed in the laboratory to cure at an ambient temperature of 72±1°F 
and humidity of 50±2%. After a total of 28 days, one of the triplicate beams was subjected to a 4-
point bending flexural test in accordance with ASTM D6272-17 presented in Figure 28. With this 
test, the modulus of elasticity in bending and the flexural stress-strain response of the beam can be 
measured. The flexural strength of the beams meeting a 28-day strength above 625 psi were used as 
samples.  Another point to note is that because of the failure mechanism of a concrete beam in flexure, 
4-point bending is a good indirect indicator of the concrete tensile strength. As mentioned previously, 
the resistance to waterblast of concrete can be related to the concrete tensile strength; the pressure 





Figure 28: 4-point bending flexural test27 
Finally, the 6x6x21 beams were saw cut into smaller 6x6x6 samples and grooves were saw 
cut on the surface, see Figure 29. The grooves were made per FAA requirements: ¼ inch deep and 1 
½ inch apart from the center1.  A total of 12 concrete samples were tested. Two triplicates were water 
blasted with the .05 mm nozzle which were at an incidence angle of 90 degrees and the other at 30 
degrees. The second two other triplicates were water blasted with the .03 mm nozzle, also at 90° and 
30° incident angle.  
 





5.2 Asphalt Mixes and Fabrication of Grooved Samples  
 
For concrete pavement, there is an understanding that the tensile strength can be used as an 
indicator of resistance against waterblast. However, there is less literature available to understand the 
effect of waterblast on asphalt runways.  A laboratory study was conducted with different mixes in 
order to determine which ones were most sensitive to waterblast. The asphalt mixes information is 
provided in Table 7. The asphalt samples were tested the same manner as the concrete samples.  Three 
of the samples were heavily compacted and rested for a year and four were less compacted and tested 
a few months after they were made. The samples were produced and tested to conform to IDOT and 
Superpave specifications using the Bailey method.   
Table 7: Asphalt samples information 
 
The aggregates being to standard is critical, because they determine the strength of flexible 
pavements. A coarse-graded, 9.5mm NMAS mix was selected for all the samples. The details of each 
mixes are available in the Appendix. Sieve analysis was performed on coarse, fine, and mixed 
aggregate stockpiles according to ASTM C136. The aggregates used are presented in Figure 30.  A 
representative sample of the stockpile was obtained and massed. Required sieves, 1”, ¾”, ½”, ⅜”, #4, 
#8, #16, #30, #50, #100, and #200, and the pan were obtained, and each was massed. The density, 
specific gravity, and absorption of coarse aggregate stockpiles were determined according to ASTM 
C127. Loose and rodded unit weights and void contents were obtained following ASTM C29. The 
density, specific gravity (or relative density), and absorption of fine aggregate stockpiles were 
determined according to ASTM C128. Lastly, ASTM D-2041 was used to determine the density and 
theoretical maximum specific gravity of uncompacted bituminous paving mixtures at 25ºC. 
Reclaimed Asphalt Pavement (RAP), a material from removed and replaced pavement was also used. 
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While it is a positive environmental incentive, the drawback is that it is a material that has oxidized 
because it went thought previous mixing and placing cycles and has aged. 
 
Figure 30: Aggregates used for asphalt testing sample 
In addition to the Superpave grade of each sample, the Hamburg Wheel-Track Test (AASHTO 
T-324) and the Illinois Flexibility Index Test (Illinois Test Procedure 405) were run to provide 
additional information.  The Hamburg Wheel-Track Test, shown in Figure 31,  is typically done to 
ensure that the mix will not be susceptible to moisture and/or rutting. The Hamburg Wheel-Track 
Testing of Compacted Hot Mix Asphalt (HMA) determines rutting and moisture susceptibility of hot 
mix asphalt pavement by subjecting a test specimen to repeated loading from a reciprocating steel 
wheel. This test adheres to AASHTO T 324.   
 
Figure 31: Hamburg Wheel-Track Test28 
The key result from this test is either the maximum deflection (in a case in which the specimen does 
not fail) or the number of passes until failure. All the samples were designed to satisfy the Illinois 
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Department of Transportation. Note that the criteria for the Hamburg wheel test vary based on PG 
grade of the binder utilized in the HMA mix. For example, one the mix evaluated used a binder grade 
of PG 52-34. The Illinois modified AASHTO T 324 Standard specifies that for binders of PG 52-34 
the maximum rut depth cannot exceed 12.5 mm after 5000 passes. The rutting depth for this sample 
never exceeded 12.5 mm, see the results in Figure 32. At 5000 passes specifically, the rutting depth 
was 4.6 mm.  The maximum displacement was 3.8 mm at 10 000 passes and 9.1mm at 20 000 passes. 
Notice the sharp increase in depth passed 15,000 passes. This could be due to the very low binder 
content as well as it being very soft. Hamburg wheel results indicate the resistivity of concrete to 
moisture and rutting, the tests will determine if there is correlation between waterblast and poor 
resistance to rutting.   
 
Figure 32: Hamburg Wheel results presenting the displacement per passes 
The Illinois Flexibility Index Test (I-FIT) is used to measure the fracture resistance of an 
asphalt mixture, shown below in Figure 33. With parameters such as the NMAS, performance grade, 
and air voids known, the Flexibility Index Test can be used to predict if an asphalt mix will be prone 
to premature cracking. By subjecting a crescent shaped specimen to a repeated, concentrated load, 
the weakness of the specimen’s aggregate structure can be determined. This fracture resistance is 
measured by a parameter called the Flexibility Index (FI) which is calculated from the output data of 
the test, the fracture energy and post peak slope. The specimen is conditioned in a water bath or 
environmental chamber before testing can begin. Once conditioned, the test specimen is placed flat 
side down, on rollers in such a manner that its length and width are centered in the testing device. 
The proper placement of the specimen is critical so as to ensure that the applied, downward load is 
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aligned to pass through the middle of the specimen and in the direction of the notch.  A small contact 
load of 0.1 kN was first applied followed by the test load which was controlled at a rate of 50mm/min. 
Since this loading rate was controlled by a distance as opposed for a force, this test is strain controlled. 
During the test, the associated I-FIT software plots the results in a load-displacement graph. The test 
stops when the applied load drops below the recorded contact load.   
 
Figure 33: I-Fit test apparatus29 
From the load-displacement graph, the Flexibility Index (FI) is calculated by dividing the fracture 
energy by the slope of the graph at inflection. The FI is then used as a design parameter to describe 
the likelihood for a specimen to crack prematurely. There is no set Superpave standard yet, but, as 
shown in Figure 34,  a flexibility Index between 2 and 10 is usually appropriate. Note that most 
samples failed to meet the Illinois requirements by falling below the specified value of 8.  
 




The compactive effort is the total energy, in term of stress, used to compact a specimen. 
During compaction, the height is measured after each gyration and recorded. The test is designed to 
mimic the compaction that is happening in the field and is represented by N values. Table 8 
demonstrates that the Superpave appropriate Ndesign was 100 and due to the road assumed to be 10 
million EASLs. For mixes made in 2017 N90 was used and the ones made in 2018, N70 was used. 
Both were in line with Superpave requirements.  
Table 8: Superpave compaction requirements 
 
 
Due to the compacting apparatus, the asphalt samples were circular, with a diameter of 6 
inches, see Figure 35. The grooves were also saw cute with the concrete saw and the dimensions were 
respecting the FAA provisions. There was a total of 7 samples. Because the asphalt samples were 
very thick both faces were tested, therefore a total of 14 asphalt surfaces were tested. Each face was 
divided in two areas. One face was subjected to waterblast with the .05mm nozzle at 30- and 90-
degree angles and the opposite face was subjected to waterblast with the .03mm nozzle also at 30- 
and 90 degree angles. Note that asphalt is thermosensitive, so all the tests were conducted at the same 
relative temperature and humidity 72±1°F and 50±2% respectively. 
 




5.3 Waterblast Testing Procedure 
Both the concrete and asphalt samples were tested the same manner. Using a Hotsy power 
washer, Figure 36,  with a pressure of 2000 psi and a flow rate of 3 GPM claimed by the manufacturer. 
The flow was verified experimentally by filling a certain volume during 30 seconds with each nozzle 
(0.05 and 0.03 inches). The procedure was repeated 5 times, the standard deviation between each 
calculated flow was less than 1 in3 per second, the average was determined as the flow of the machine. 
The experimental flow rate measured with the 0.05-inch nozzle was 13.68 in3/sec or 3.6 GPM. For 
the 0.03-inch nozzle, the experimental flow was slightly reduced to 11.48in3/sec or 2.98 GPM. The 
reduction in flow is predictable as with a smaller nozzle the stream gets restricted due to the viscosity 
of water. Also note that both nozzles had 15° fan spray. 
 
Figure 36: Pressure washer used for waterblast testing 
The concrete and asphalt samples were tested by blasting water from a 90- and 30 degrees 
with nozzles of 0.5 inch and 0.3. Using Bernoulli’s equation, (2), the water velocity was estimated to 
be 166 m/s, which as seen in Figure 24 should be very close to the non-erosion zone. Also, knowing 
that the tensile strength of the concrete samples is 700 psi, according to the reading, there should start 
to be an initial damaging appearing using a waterblast of about 2100 psi. Hence, according to the 
literature background, with the available apparatus the damage on the concrete and asphalt surfaces 
should not be substantial but enough to determine an initial erosion of the surface.   
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The water velocity was also determined using the experimental flow measured, with the 
nozzle diameter of 0.05-inch, the velocity was 164 m/se, we can therefore assume that about 1.5% of 
the velocity loss is due to the friction of the machine. For the 0.03-inch nozzle, with the experimental 
flow was slightly reduces to 11.48in3/sec the velocity was estimated at 412 m/s using the continuity 
equation relating flow to area and velocity. Referring once more to the chart in Figure 24, there should 
be more significant damage from using the 0.03-inch nozzle.  
 To ensure a control over the distance and incidence angle, a plexiglass stand was built to hold 
the nozzle in place. The samples were placed on rollers so the blast location could be controlled. Each 
sample was under waterblast for 1 minute, Figure 37. The nozzle was place 1 inch from the sample 
and the stand could be rotate to the incidence angle desired. The stand was also attached to thick 
wood sheets to limit the kickback of the stand during waterblast.  
 







5.4 Development of Surface Profile Analytical Tool and Data Acquisition  
The objective of the analytical tool developed was to inspect runway degradation while the 
runway was undergoing rubber removal and detect when the runway is no longer compliant to the 
FAA’s provision.  The FAA recommends that the airport operator should periodically measure the 
depth and width of a runway's grooves to check for wear. “When 40 percent of the grooves in the 
runway are equal to or less than 1/8 inch (3 mm) in depth and/or width for a distance of 1,500 feet 
(457 m), the grooves’ effectiveness for preventing hydroplaning has been considerably reduced. The 
airport operator should take immediate corrective action to reinstate the 1/4 inch (6 mm) groove depth 
and/or width.”1 However, in busy airports, runway closures are minimized to an absolute necessity. 
The analytical tool proposed would allow a quantitative verification of the grooves with limited 
runway closure time.  
High quality images acquired with a common cell phone camera were used for the analysis of 
surface profile. Modern cellphone cameras have resolution of 12 megapixels or greater. Resolution 
is a measure of the number of pixels a camera’s image sensor can capture to produce a digital image. 
The more megapixels a camera captures, the more information it gathers. With an instrument so 
widely available an analytical tool can be generated from its photographs, in this case, the general 
profile of runway surface grooves. Using Open source coding, OpenSFM, (an incremental 
reconstruction algorithm) to generate a point cloud, the groove depth and runway damage should be 
quantitatively assessed. A point cloud is a set of data points in a 3D space reproducing the surface of 
an object.  
The software works in three simple steps. First, it finds a good representative initial image 
pair, second, bootstraps the reconstruction with the pair, and third, grows it by adding images one at 
a time30. If there are still images that have not been reconstructed, more images are added to further 
the reconstruction. This allows for a very detailed point cloud of the surface. To find the proper initial 
pairs, there has to be a sufficient parallax between the two images. There need to be sufficient parallax 
because the points are located using triangulation. It is a computer vision process used to determine 
a point in 3D space given its projections onto two, or more, images. By knowing the relative location 
of two cameras observing the same point, the point’s location in 3D space can be determined with 
methods as simple as trigonometry. To compute whether there is enough parallax, the program first 
attempts to fit a rotation only camera model to the two images30. It only considers image pairs that 
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have a significant portion of the correspondences that cannot be explained by the rotation model. 
Following, OpenSFM computes the number of outliers of the model and accept it only if the portion 
of outliers is larger than 30%. The challenge when gathering the data is to have the images with 
enough repetition but difference to locate the points.  Next, to bootstrap the reconstruction, the first 
image pair is used and add more images as the model grows. Depending on the geometry of the scene, 
two algorithms can be used. If the scene is flat, a line-based initialization is used, otherwise, the five-
point algothm is used. Line-base initialization is a line-base structure using an inclination sensor value 
and correspondence-free line segments. Comparatively, a five point alogorithm can estimate the 
relative motion between two calibrated views. Since the program doesn’t recognize if the element 
photographed is flat or not, both initializations are computed and the one that can generate the most 
points is retained.  Once the deviation between the points is low enough the reconstruction is 
initialized, and the triangulated points are assembled and adjusted. Finally, to grow the reconstruction 
from the two initial images, more image information is added one by one. Each new image is adjusted 
to the initial reconstruction by a process called resectionning30. Once this is done, the image can be 
added to the reconstruction, after all the features of the new image are added, the data is triangulated. 
For larger structures, GPS data is also added to add precision to the point cloud. The precision can 
also be done by extracting metadata from the camera, including: the width and height in pixel size, 
the GPS and capture time to match the time neighbors, the camera orientation projection type. 
OpenSFM is a powerful tool that can generate a dense 3D point cloud from camera pictures.  
 With the understanding of the software proceedings, a number of trials on different 
surfaces were done to determine if it was a tool precise enough for the work intended. Using, a 12 






   
  
Figure 38: Pictures of a concrete sample to generate a point cloud 
With as low as 5 pictures, a point cloud was generated by balancing the overlap and change in view 
of each picture. There were still a few unfilled areas in the trial sample. With a smaller 6inx6in 
concrete cube, there was less empty spots in the point cloud and each sample was represented by a 
an average of  500,000 points, about 83,333 points per inch. Point clouds with less than 100,000 
points were dismissed because they did not represent accurately the profile. Another advantage with 
cubic sample was that the point cloud was propotionned with more certainty because both 
longitudinal and transversal dimensions were the same length.  
 
Figure 39: Good resulting point cloud (1,650,140 points) 
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All in all, with the understanding of the anlatical tool algorthm, the procedure for data aquision 
was as follow: First, the concrete and asphalt samples were phtographed by rotating the camera 
around the samples. An avergae of 15 pictures were taken per samples.  Then, the samples were pre-
wet, lightly whiped, and pictures were taken once more. This was done to see if the water pooling at 
the surface of the samples would have an influence on the surface properties measured on the samples. 
The same surface was phtotgraphed and analyzed several times to verify the variation between 
parameters. It was concluded that the process of flattening and cleaning the point cloud was critical. 
If the point cloud does not lay properply flat in the xy plane, the results will be wrong. Same goes to 
the outliers, they will overestimate/underestimate the peaks and pit depth but have very little influence 
on the arithmetical mean and deviation in height. The largest error recoded for two measurements of 
the same surface was about 10% for the maximum pit. The arithmetical average, as well as standard 
deviation had less error, it was less than 5%.  Finally, the samples were tested and another round of 
pictures were taken. Pictures were taken before and after testing to interpret the surface changes due 
to waterblast. With the ability to make point cloud of concrete and asphalt surfaces, experiments were 















CHAPTER 6: RESULTS AND DISCUSSION  
 
The laboratory results confirmed that concrete is generally resistant to waterblast damage. 
The experiments documented changes in surface properties that were visible and quantified, however, 
the pressure washer was not powerful enough to damage the grooves to an extent that would impair 
runway performance. The grooves maintained a geometry that was deep enough to be approved by 
the FAA and the water would not pool at the surface.  After testing the concrete surfaces at 164 m/s 
(0.05-inch nozzle) and 412 m/s (0.03-inch nozzle), there was not much change in the macrotexture 
amplitude, the average peak and pit sizes were around 0.2 to 0.3 inches. Comparatively, the asphalt 
samples were much harder to analyze quantitatively. First, some of the asphalt sample surfaces were 
very rough, leading to a higher scatter of the reflected rays. Also, the samples were black. Dark 
surfaces have a lower reflectability which may have led to a lower precision of the point cloud 
generated. Similar to concrete samples, the change due waterblasting was fairly insignificant, some 
changed were visible on the sample but was not quantified using the point cloud.  Finally, this method 
is still experimental and can be improved. Since there are still many steps needed to find a proper 
accuracy, this analysis is a first step for a full-scale application on airport runways.  
6.1 Results of Concrete Samples 
After the point cloud was generated, a Matlab code was used to rotate the point clouds flat in 
the xy plane, remove outliars, rescale to the actual size of the concrete sample and estimate the 
roughness parameters. Surface roughness refers to variations in the height in the z plane relative to a 
reference plane (normalized to 0).  The Matlab codes are provided in Appendix B. The rotated and 
cleaned up point cloud by the Matlab code is presented in Figure 40. Any computational tool capable 
of manipulating point cloud data can be used for the analysis, in this case Matlab was preferred. The 
accuracy of the point cloud was loosely verified by physically measuring the groove depth of the 
sample and comparing it to what was estimated by the point cloud. The groove depths were on 
average 0.25 to 0.27 inch and the point cloud estimated between 0.22 to 0.30 inches. It is very 
important to note that two surfaces can be compared only if two similarly dense point clouds are 
compared. Moreover, it is still recommended to verify more thoroughly the accuracy of the cloud by 
doing physical or laser profilometery of the sample. The results seemed to be satisfactory for the 




Figure 40: Sample and analyzed point cloud (520190 points) 
Once the point cloud was scaled and properly aligned along the desired axis, eight roughness 
parameters were used to describe the surface profile. Those elements describe the vertical deviation 
from the neutral axis, they are classified as surface amplitude parameters.  The arithmetical mean 
height (Sa) is an expression as an absolute value of the difference in height of each point compared 
to the arithmetical mean of the surface. The Root mean square height (Sq) is an equivalent to the 
standard deviation of heights. Note that Sa and Sq are not a sufficient indicator of the surface 
condition, as shown in Figure 41, many different profiles can have the same value. However, they 
are excellent tools to compare changes in the same surface.  The maximum pit (Sv) as well as maxium 
peak height (Sp) were also determined to measure the strong changes in the profile with respect to 
the neutral axis. The absolute height (Sz) was derived from Sv and Sp to deremine the absolute 
maximum peak height. The skewness (Sk) measures the asymetry of the height distribution. 
Essentially, it measures the the relative size of the two tails. It describes the morphology of the surface 
texture. A positive skewness means that high peaks spread on the surface, while a negative values 
indicates lots of pores/valleys. Finally, kurtosis (Sku) corresponds to the sharpness of the height 
distribution/peakedness of the surface measured.  It is measured by the combined weight of the tails 
relarive to the rest of the distribution31. Distributions with kurtosis greater than 3 are said to be 
leptokurtic meaning that there are much higher peaks around the mean value. Conversely, platy 
kurtotic distribution have a kurtosis value between 1 and 3 and represent a flatter surface.  These 




Figure 41: Various profiles with the same Ra value31 
The focus was also on amplitude parameters because they can be related to macro- and 
microtexture. The Sq parameter was chosen because it is sensitive to peaks and valleys; it was used 
to indicate if the surface was dominated by macrotexture (the grooves) or microtexture (flat surface). 
Vertical amplitudes less than 0.008 in (0.2mm)3 are considered to be microtexture while  
macrotexture is defined by vertical amplitudes ranging from 0.004 in to 0.8 in3. The most sensitive 
parameters were the maximum peak and pits, but by observing them with the kurtosis and skewness, 
they provide a good image of how the profile changed. In the end, all eight parameters were described 
as changes before and after testing to capture the effect of waterblasting.  
The surface parameters in Table 9 were defined as relative changes because of their 
effectiveness in comparing the changes on the same surface. The changes are results of triplicates for 
each testing situation. The individual, results are available in Appendix C. For example, the first 
column represents the average change of three concrete sample surfaces tested at a 90-degree angle 
using the 0.05-inch nozzle. The most change in arithmetical mean (Sa) as well as peak deviation (Sq) 
after waterblasting the concrete surface was 12.31% and 18.42% respectively. Note that there is a 
possible error of 5% in the concrete results.  It was observed that the damage on concrete surfaces 
due to waterblast is slight, even at impeding velocity of 412 m/s and an incident angle of 30°. 
However, note that the test was very localized and if it was reproduced with a cutting head, there 
would be more changes across the whole sample. A groove is considered ineffective when there is 
not enough change in the amplitude profile for water to find a path away from the surface. A too 
important change in the arithmetical mean height may indicate that the overall profile is becoming as 
low as the groove depth. If the overall profile averages the groove depth, it is as it the grooves were 
erased and are not effective anymore. In this case the profile changes were not changed enough to 
affect the groove performance.  
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Table 9: Final results of concrete samples surface parameters after waterblast 
 
The skewness (Sk) measures the asymetry of the height distribution. Because of the groove the initial 
skewness should always be negative. A negative skewness indicates that there are a lot of valleys on 
surface profile height distribution.  The grooves should also give a higher kurtosis than on a flat 
surface because a kurtosis greater than 3 means that there is a heavier tail in the height distribution. 
See in Appendix C that all the concrete samples consistently have a negative skewness, around -0.2 
and a kurtosis around 3. The skewness changed the most when it underwent testing at an incidence 
angle of 30-degrees and using the 0.03-inch nozzle (impeding velocity of 412 m/s). The skewness 
increased as much as 953%. The kurtosis changed the most un concrete surfaces tested with a 
0.05inch nozzle at an incidence angle of 90-degrees. The change in kurtosis was 127%. Waterblasting 
increases the tail size of the surface height profile, in other words, there are more valleys. This 
experiment also permits to estimate that a healthy grooved concrete surface should have a Sa around 
0.416 inches, as well as a skewness close to -0.24. The testing changed the Sa as much as 0.0557 
inches and the skewness to -1.5644. This confirms that the coalescence of microcracks and matrix 
damage is manifested by an initial roughening. The increased skewness confirms that valleys are 
forming at the concrete surface.  
The 30 degree angle using 0.03-inch nozzle generate the biggest change in absolute roughness 
(Sa) and standard deviation in peak heights (Sq). The increase in roughness in this case means that 
the average profile has sunk below where is used to after waterblast. The increase in standard 
deviation indicated a bigger difference in height of the profile. The 90 degree angle using the 0.05 
inch nozzle generates the smallest change in valley depth, about 20%. With a possible error of 5%, 
the other changes in roughness and standard deviation can be interpreted as a negligible damage. The 
biggest change in deepest valleys was the 90-degree angle using the 0.03-inch nozzle, however, note 
that these were averages, and one can see in the appendix some changes in valleys up to 110%. In the 
end, the damages done to the concrete were very small and the variability is such that the effects of 




Figure 42: Concrete sample 1 before testing Figure 43: Concrete sample 1 after testing using the 
0.05-inch nozzle and an incidence of 90 degrees 
 





























Concrete Sample 1 Waterblasted at 90° Incidence and 0.03 inch Nozzle
C1-Original Surface C1-Waterblasted Surface
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Each of the samples were analyzed as presented in Figure 42, Figure 43, and Figure 44. Note 
that despite the very little visible change of the concrete sample, there is a quantifiable change in the 
surface profile. There is negligible change in the surface roughness and standard deviation but a very 
clear increase in pits and decrease in peaks on the concrete. Overall, the absolute height of the peaks 
increases, while the roughness remains unchanged.   One can assume that this is what is recorded by 
the CFME machine, the increase in pit is the primary damage of the mortar layer, which manifests as 
an improved friction because it is a small increase in macrotexture that contributes to removing the 
water from beneath the tires.  
 
  
Figure 45: Concrete sample 8 before testing 
 
Figure 46: Concrete sample 8 after testing using the 
0.03-inch nozzle and an incidence of 300 degrees 
Comparatively, Figure 45, Figure 46, and Figure 47 show that an angle of incidence of 30 
degrees, and with a much high velocity, there is a visible damage of the concrete surface, with some 
aggregates exposed to the surface. This was translated by an average profile change more visible; the 
absolute roughness went from 0.0435 inches to 0.0557. Also, the increase in pits is much more 
noticeable, translated by an increase in pit of 111% from the original surface. This is a first step to 
concrete surface damage by waterblast. The next step would be for the cracks to grow such as the 
coarse aggregates would be ejected. The most damage on the concrete samples was that some of the 





Figure 47:Results of concrete sample waterblasted at a 30 degree angle using a 0.03 inch nozzle 
Even if little damage on the concrete surface was observed under waterblast at impeding 
velocities of 164 m/s and 412 m/s, that does not mean that there will not be damage in the field.  Note 
that in the field a cutting head with rows of up to 28 nozzles are used so the cumulative effect can be 
more consequential. The next step should be to perform a similar testing using an actual truck 
mounted pressure washer and monitor the runway surface using a point cloud analysis.   
In conclusion, the changes in concrete surface properties caused by waterblast were very 
small. The most abrasive setting was to test the concrete surface at an impeding angle of 30 degrees 
using a 0.03 inch nozzle. In this situation, the aggregates were visible at the surface and there was a 
noticeable change in the initial roughness, standard deviation in height and valley depth. The next 
step would be to apply a similar procedure in the field and observe more important damage. In this 




























Concrete Sample 3  Waterblasted at 30° Incidence and 0.03 inch 
Nozzle
C3-Original Surface C3-Waterblasted Surface
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Finally, using the content from the literature review as well as the results from the 
experiments, the recommendations for waterblasting for rubber removal can be summed in Figure 
48. Note how low in the chart the pressure washer used in the lab is, about 138 bars. The pressure is 
what is used for sewer cleaning. Also note that 1000 bars (about 14,500 psi) is the estimated limit 
between hydrocleaning and hydrodemolition. This is in line with the rest of the literature and what 
was observed in the experiments.  The average tensile strength of concrete is about 500 psi, following 
the rule of thumb mentioned previously, this is where the limit should be, about 15,000 psi. Using 
Equation (2), the velocity of water at 15,000 psi is approximately 732 m/sec. Due to technical 
limitation, the highest velocity tested was 412 m/s. Using this setting the damaged observed on 
concrete samples was minimal but noticeable with an initial roughening of the surface. However, the 
roughening did not prevent the grooves from performing as intended, therefore it can be concluded 
that the surface was sound.  
 
Figure 48: Industrial use of high-pressure water32 
48 
 
6.2 Results of Asphalt Samples 
The asphalt samples were more challenging to analyze quantitatively. There were issues 
generating a proper dense point cloud. A greater number of pictures were taken because the initial 
point clouds generated were not dense enough. The very rough samples were the most inconsistent 
and had a deviation in results of the same surface up to 10%. This was probably because very rough 
surfaces cause too much scatter in the light, limiting the precision of the method. Also, dark colors 
are less reflective which could explain de less dense point clouds.  Another problem was that the 
surface damage was first manifested with the asphalt binder coating being flushed off the aggregates. 
This change did not always translate in a change in surface properties. Or the change due to binder 
flushing was too discrete to be described by the point cloud. Some roughness measurements were 
still obtained by ensuring that the samples were properly illuminated, and a great number of pictures 
were taken per samples. Overall, the damage observed on the asphalt samples was negligible.  
None of the samples compacted N90 in 2017 showed any significant sign of distress under 
waterblast. This is probably for two reasons: First, a densely compacted mix does not allow for much 
pressure water to enter the pores so the asphalt cannot be flushed out as easily. The second reason 
may be that the asphalt surface aged over a year, making it more rigid because of the binder 
oxidization. Note on Figure 51 that there is almost no change in the surface roughness parameters. 
The difference in results appear to be more attributed to error rather than the actual height distribution 
change on the surface of the sample.  The 2018 samples were less compacted, N70, and showed an 
initiation of raveling. Only sample 1A1 did not show any sign of distress at all. The mix of sample 
1A1 had a very good result to the Hamburg wheel, a very low flexibility index ,1, and a high amount 
of RAP, 30%, which also increases rigidity see Table 7. The binder was also a hard binder, graded 
64-22. Where 64°F in the average maximum pavement temperature and -22°F the min temperature. 
There need to be more testing done at full scale, but these first result seem to indicate that stiff mixes 




Figure 49: 2017 Asphalt sample 2A1 before 
testing 
Figure 50:2017 Asphalt sample 2A1 after testing 
 
 




























Asphalt Sample A18-2A1 Waterblasted at 30° Incidence and 
0.05 inch Nozzle
A2-Original Surface A2-Waterblasted Surface
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Sample 1B1 also did not show much distress, there was one aggregate at the bottom of the 
sample where the binder was significantly flushed out (Figure 53), but this defect did not appear as a 
change in the surface property before and after testing, Figure 54. The asphalt is what binds all the 
aggregates in flexible pavement. The aggregates are what provides the strength in the pavement. If 
this test was applied with a cutting head over the surface there is a possibility the asphalt at the surface 
to be flushed out. The asphalt sample 1B1 had a fairly high flexibility index 2.8 and a solid binder 
64-22. The top layer may have been flushed because of the high binder content, providing adequate 
flexibility but more vulnerability to the pavement surface.  
  
Figure 52: 2017 Asphalt sample 1B1 before testing  Figure 53: 2017 Asphalt sample 1B1 after testing 
 



























Asphalt Sample A17-1B1 Waterblasted at 30° Incidence and 0.03 inch Nozzle
A4-Original Surface A4-Waterblasted Surface
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Many of the samples made in 2018 had their surface asphalt binder flushed out but the minor 
changes could not be differentiated by the surface parameters used in this study. The point cloud had 
an average error of 10% therefore changes less than that are ambiguous. Note that the flushing was 
observed at the least abrasive parameter using a 0.05-inch nozzle applied at a 90-degree angle. This 
means that a velocity as low as 162 m/s can initiate asphalt pavement groove distress. The different 
amount of damage was not properly quantifiable using a point cloud analysis but can be observed in 
Figure 55.  
  
 Asphalt sample 2018 2B1 visible groove damage Asphalt sample 2018 2B1 flushed binder  
  
Asphalt sample 2018 2C1 and 2A1 visible flushing with lighter aggregates at the surface 
Figure 55: Example of Asphalt sample degradation under waterblast 
 Despite the inability of the analytical tool to quantify the damage on asphalt samples, there 
was a visible damage of the binder occurring at impeding velocities as low as 162 m/s. Asphalt 
appears to be more sensitive to hydrocleaning than concrete. Mostly because if the binder is removed, 
raveling will occur, and the pavement will lose its proper macrotexture.  The pressure setting on 
asphalt pavement should be lower than that of concrete. The mixes that appeared most vulnerable had 
a very soft binder (Superpave grade of 52-34 and 58-28) a low binder content close to the surface.  
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The degradation mechanism is key difference in risk of groove damage by waterblast between 
concrete and asphalt surfaces. In concrete surfaces, the strength is carried by the mortar matrix. 
Therefore, the initial coalescence of microcracks generated by high velocity water manifests as an 
improved roughness but does not affect the concrete pavement’s strength.  On the other hand, the 
strength of asphalt pavement is through the aggregates, and the binder serves as a link between them. 
Waterblast deteriorates asphalt pavements by flushing out the binder at the surface. This can 
disconnect the aggregates from each other and lead to raveling. Raveling is very dangerous for 
grooves, and they rely on the aggregates to provide the appropriate macrotexture. Once the aggregates 
are not connected, the pavement loses strength and flattens. The experiments demonstrated that 

















CHAPTER 7: CONCLUSION  
 
7.1 Conclusion and Recommendations  
The objective of this investigation into the effect of waterblast on asphalt and concrete 
surfaces was to quantify groove damage due to high velocity water. Surface damage was defined as 
the grooves not performing as intended, that is, not having a large enough macrotexture for the water 
to have an escape path. For waterblasting, it was also observed that there was an optimal distance 
with respect to nozzle size (20 times the diameter) as well as a pessimum angle of incidence of 30- 
to 45 degrees where groove damage is most likely.  The literature suggested that the flow velocity 
relates to power to remove the rubber. This study confirmed that waterblasting below the critical 
velocity leads to a roughening of the surface but negligible damage to the grooves. The critical 
velocity estimated to initiate groove damage was 732 m/sec with pressure settings around 15,000 psi. 
Therefore, it is recommended not to exceed such pressure during rubber removal on concrete surfaces. 
When a pressure of 15,000 psi is used for rubber removal, the nozzle should be positioned at an angle 
of 90 degrees. Based on the literature as well as the experimental results, there is a higher risk of 
groove damage at an angle of 30 degrees. At such incidence angle, it is more likely that aggregates 
are removed, and grooves damaged. While asphalt samples were more difficult to analyze 
quantitatively with available imaging methods, there was very visible flushing of the binder at settings 
as low as 162 m/s. It is recommended to initiate rubber removal on asphalt runways at a very low 
pressure because the degradation mechanism of asphalt is a higher risk than that of concrete. The 
mixes that appeared most vulnerable had a very soft binder (Superpave grade of 52-34 and 58-28) 
and a low binder content close to the surface.  Finally, hydrocleaning settings may need to be adjusted 







7.2 Future Work 
 In the future, full scale experiments validated by laser profilometry may provide improved 
insight into protocols for airport pavement rubber removal. 
 Further tests with tire rubber on the surface should be considered in order to better replicate 
airport pavement conditions. 
 The effect of ambient temperature on asphalt pavement during waterblast should be further 
investigated for more precise recommendations.  
 The effect of suction of the vacuum after waterblast should also be investigated to determine 
if it exacerbates microcracks at the concrete surface.  
 The precision of the point cloud roughness parameters should be checked and validated using 
mechanical or laser profilometry. If greater precision is desired, use of a 5-point algorithm to 
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APPENDIX A: ASPHALT SAMPLE MIX DETAILS 
































APPENDIX B: MATLAB CODES FOR SURFACE ANALYSIS 
 
Sample MATLAB code for adjusting the point cloud in the xy plane on a concrete sample:  
%%%% Point Cloud Adjust%%%%% 
clear all; close all; clc 
Load the point cloud (PC) 
ptCloud= pcread('Trial2.ply'); 
        %Label the point cloud graph 









Adjust the Point Cloud so it lays flat in the XY axis 
    %Establish the centroid 
points = ptCloud.Location; 
centroid = mean(points); 
    %Move PC so the centroid is at [0,0,0] 
cloud1 = points - repmat(centroid,size(points,1),1); % array substraction 
ptCloud1 = pointCloud(cloud1); 




    %Linear regression so the plane of the PC can be captured by Matlab 
X_reg = cloud1(:,1:2); %for XY Plane 
Y_reg = cloud1(:,3);   %For Z 
beta_reg = inv(X_reg'*X_reg)*X_reg'*Y_reg; %Linear regression equation 
    %Beta from the regression gives the slope of the plane, now angle 
theta1 = -atan(beta_reg(1)); %angle in the X axis 
theta2 = atan(beta_reg(2));  %angle in the Y axis 
    %Rotation matrix in the X and Y axis (1=X 2=Y) 
R_1 = [cos(theta1),0,sin(theta1);0,1,0;-sin(theta1),0,cos(theta1)]; 
R_2 = [1,0,0;0,cos(theta2),-sin(theta2);0,sin(theta2),cos(theta2)]; 
    %Apply rotation in X and Y 
cloud2 = cloud1*R_1; 
cloud2 = cloud2*R_2; 
    %Rotated point cloud 
ptCloud2 = pointCloud(cloud2); 








Point Cloud rotation in the Z axis 
Automatically adjust PC so that linear regression is aligned with main axis 
beta_reg2 = 1; 
diff_beta = 2; 
cloud3 = cloud2; 
while diff_beta > 0.0001 %Can adjust precision 
    beta_reg = beta_reg2; 
    X_reg2 = cloud3(:,1); 
    Y_reg2 = cloud3(:,2); 
        %Regression, of X onto Y as a line 
    beta_reg2 = inv(X_reg2'*X_reg2)*X_reg2'*Y_reg2; 
    theta3 = -atan(beta_reg2); 
        %Rotation matrix in the Z axis 
    R_3 = [cos(theta3),-sin(theta3),0;sin(theta3),cos(theta3),0;0,0,1]; 
    cloud3 = cloud3*R_3; 
    ptCloud3 = pointCloud(cloud3); 
    figure(4);pcshow(ptCloud3);title('XYZ Ajusted Point Cloud'); 
    xlabel('X'); 
    ylabel('Y'); 
    zlabel('Z'); 
    view(2) 
        %Have the PC roate until the regression is parallel to X axis 






%Manual ajustment of the Point Cloud 
prompt = 'Enter Manual Rotation Tool? (Y/N)'; 
res = input(prompt,'s'); 
res2 = 'Y'; 
if res == 'N' 
    return 
elseif res == 'Y' 
    prompt2 = 'Insert rotation angle (rad)'; 
    angle = input(prompt2); 
    R_4 = [cos(angle),-sin(angle),0;sin(angle),cos(angle),0;0,0,1]; 
    while res2 ~= 'N' 
    cloud3 = cloud3*R_4; 
    ptCloud3 = pointCloud(cloud3); 
    figure(5);pcshow(ptCloud3);title('XYZ Manually Ajusted Point Cloud'); 
    xlabel('X'); 
    ylabel('Y'); 
    zlabel('Z'); 
    view(2) 
    prompt3 = 'Continue? (Y/N/Change)'; 
    res2 = input(prompt3,'s'); 
    if res2 == 'Change' 
        prompt2 = 'Insert rotation angle (rad)'; 
        angle = input(prompt2); 
        R_4 = [cos(angle),-sin(angle),0;sin(angle),cos(angle),0;0,0,1]; 
    end 
    end 
end 
%CleanPtCloud = pointCloud(XYZCoords); 
AdjPtCloud = pointCloud(cloud3); 
Extracting Adjusted Point Cloud 
 pcwrite(ptCloud3, 'A18-2B1_blast0Adjusted_Point_Cloud.ply'); 
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Sample MATLAB code for cleanup of the point cloud on a concrete sample:  
ptCloud = pcread('Sample_2Adjusted_Point_Cloud.ply'); 
Denoising and Visualizing Point Cloud 
denoisedPtCloud = pcdenoise(ptCloud); 
num_points = denoisedPtCloud.Count; 
figure(1),pcshow(denoisedPtCloud); 
% Histogram of Z Coordinates for Cleaning Purposes 
figure(2), histogram(denoisedPtCloud.Location(:,3)); 
Setting Threshold and Cleaning Point Cloud 
upper_threshold =.2;  %Extracted manually from Histogram 
lower_threshold = -.25; %Extracted manually from Histogram 
 
XCoords = denoisedPtCloud.Location(:,1); 
YCoords = denoisedPtCloud.Location(:,2); 
ZCoords = denoisedPtCloud.Location(:,3); 
 
for n = 1:num_points % Change it to 1:num_points 
    if ZCoords(n) < lower_threshold || ZCoords(n) > upper_threshold 
        XCoords(n) = NaN; 
        YCoords(n) = NaN; 
        ZCoords(n) = NaN; 
    end 
end 
 
XCoords(isnan(XCoords)) = []; 
YCoords(isnan(YCoords)) = []; 
ZCoords(isnan(ZCoords)) = []; 
 
XYZCoords = zeros(numel(XCoords),3); 
XYZCoords(:,1) = XCoords; 
XYZCoords(:,2) = YCoords; 
XYZCoords(:,3) = ZCoords; 
 
CleanPtCloud = pointCloud(XYZCoords); 
















































APPENDIX C: CONCRETE SAMPLES RESULTS 
 






































Concrete Sample 1 Waterblasted at 90° Incidence and 0.05 inch Nozzle





























Concrete Sample 2 Waterblasted at 90° Incidence and 0.05 inch Nozzle































Average Concrete Sample Waterblasted at 90° Incidence and 0.05 inch Nozzle






























Concrete Sample 3  Waterblasted at 90° Incidence and 0.05 inch Nozzle









































Concrete Sample 1 Waterblasted at 30° Incidence and 0.05 inch Nozzle





























Concrete Sample 2 Waterblasted at 30° Incidence and 0.05 inch Nozzle

































Concrete Sample 3  Waterblasted at 30° Incidence and 0.05 inch Nozzle


























Average Concrete Sample Waterblasted at 30° Incidence and 0.05 inch Nozzle











































Concrete Sample 1 Waterblasted at 90° Incidence and 0.03 inch Nozzle



























Concrete Sample 2 Waterblasted at 90° Incidence and 0.03 inch Nozzle







































Concrete Sample 3  Waterblasted at 90° Incidence and 0.03 inch Nozzle



























Average Concrete Sample Waterblasted at 90° Incidence and 0.03 inch Nozzle















































Concrete Sample 1 Waterblasted at 30° Incidence and 0.03 inch Nozzle




























Concrete Sample 2 Waterblasted at 30° Incidence and 0.03 inch Nozzle
































Concrete Sample 3  Waterblasted at 30° Incidence and 0.03 inch Nozzle


























Average Concrete Sample Waterblasted at 30° Incidence and 0.03 inch Nozzle




APPENDIX D: ASPHALT SAMPLES RESULTS 
 







































Asphalt Sample A18-2A1 Waterblasted at 90° Incidence and 0.05 inch Nozzle



























Asphalt Sample A18-2A1 Waterblasted at 30° Incidence and 0.05 inch Nozzle


































Asphalt Sample A18-2A1 Waterblasted at 90° Incidence and 0.03 inch Nozzle



























Asphalt Sample A18-2A1 Waterblasted at 30° Incidence and 0.03 inch Nozzle
A4-Original Surface A4-Waterblasted Surface
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Asphalt Sample A18-1A1 Waterblasted at 90° Incidence and 0.05 inch Nozzle





























Asphalt Sample A18-1A1 Waterblasted at 30° Incidence and 0.05 inch Nozzle































Asphalt Sample A18-1A1 Waterblasted at 90° Incidence and 0.03 inch Nozzle



























Asphalt Sample A18-1A1 Waterblasted at 30° Incidence and 0.03 inch Nozzle












































Asphalt Sample A18-2B1 Waterblasted at 90° Incidence and 0.05 inch Nozzle




























Asphalt Sample A18-2B1 Waterblasted at 30° Incidence and 0.05 inch Nozzle


































Asphalt Sample A18-2B1 Waterblasted at 90° Incidence and 0.03 inch Nozzle































Asphalt Sample A18-2B1 Waterblasted at 30° Incidence and 0.03 inch Nozzle












































Asphalt Sample A18-2C1 Waterblasted at 90° Incidence and 0.05 inch Nozzle



























Asphalt Sample A18-2C1 Waterblasted at 30° Incidence and 0.05 inch Nozzle






































Asphalt Sample A18-2C1 Waterblasted at 90° Incidence and 0.03 inch Nozzle





























Asphalt Sample A18-2C1 Waterblasted at 30° Incidence and 0.03 inch Nozzle

















































Asphalt Sample A17-2B1 Waterblasted at 90° Incidence and 0.05 inch Nozzle

































Asphalt Sample A17-2B1 Waterblasted at 30° Incidence and 0.05 inch Nozzle




































Asphalt Sample A17-2B1 Waterblasted at 90° Incidence and 0.03 inch Nozzle





























Asphalt Sample A17-2B1 Waterblasted at 30° Incidence and 0.03 inch Nozzle








































Asphalt Sample A17-2A1 Waterblasted at 90° Incidence and 0.05 inch Nozzle




























Asphalt Sample A17-2A1 Waterblasted at 30° Incidence and 0.05 inch Nozzle
































Asphalt Sample A17-2A1 Waterblasted at 90° Incidence and 0.03 inch Nozzle


























Asphalt Sample A17-2A1 Waterblasted at 30° Incidence and 0.03 inch Nozzle




















































Asphalt Sample A17-1B1 Waterblasted at 90° Incidence and 0.05 inch Nozzle































Asphalt Sample A17-1B1 Waterblasted at 30° Incidence and 0.05 inch Nozzle



































Asphalt Sample A17-1B1 Waterblasted at 90° Incidence and 0.03 inch Nozzle



























Asphalt Sample A17-1B1 Waterblasted at 30° Incidence and 0.03 inch Nozzle
A4-Original Surface A4-Waterblasted Surface
